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Abstract

Genetic variations in POR, encoding NADPH-cytochrome P450 oxidoreductase (CYPOR), can
diminish the function of numerous cytochromes P450, and also have the potential to block
degradation of heme by heme oxygenase-1 (HO-1). Purified full-length human CYPOR, HO-1,
and biliverdin reductase were reconstituted in lipid vesicles and assayed for NADPH-dependent
conversion of heme to bilirubin. Naturally-occurring human CYPOR variants queried were: WT,
Al115V, Y181D, P228L, M263V, A287P, R457H, Y459H, and VV492E. All CYPOR variants
exhibited decreased bilirubin production relative to WT, with a lower apparent affinity of the
CYPOR-HO-1 complex than WT. Addition of FMN or FAD partially restored the activities of
Y181D, Y459H, and V492E. When mixed with WT CYPOR, only the Y181D CYPOR variant
inhibited heme degradation by sequestering HO-1, whereas Y459H and V492E were unable to
inhibit HO-1 activity suggesting that CYPOR variants might have differential binding affinities
with redox partners. Titrating the CYPOR-HO-1 complex revealed that the optimal CYPOR:HO-1
ratio for activity was 1:2, lending evidence in support of productive HO-1 oligomerization, with
higher ratios of CYPOR:HO-1 showing decreased activity. In conclusion, human POR mutations,
shown to impact P450 activities, also result in varying degrees of diminished HO-1 activity, which
may further complicate CYPOR deficiency.
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1. Introduction

A number of disease states arise from metabolic deficiencies linked to variation in POR [1-
13], the human gene encoding NADPH-cytochrome P450 oxidoreductase (CYPOR). Many
microsomal enzymes, including more than four dozen type Il cytochrome P450
monooxygenases (P450s) [14], squalene monooxygenase [15], cytochrome b5 [16], fatty
acid desaturase [17], and 7-dehydrocholesterol reductase [18] and heme oxygenase [19],
form productive redox complexes with CYPOR, in which electron transfer is required for
catalysis. Loss of CYPOR function, therefore, results in a complex mixture of deficiencies
in endobiotic and xenobiotic metabolism and can lead to severe developmental
malformations including midface hypoplasia, humeroradial synostosis, bowing and fracture
of femora, and sexual dimorphisms [20]. The formation of biliverdin 1Xa by heme
oxygenase-1 requires three moles of oxygen for the three monooxygenation steps and
electrons from NADPH supplied by CYPOR [21], thereby emphasizing the impact of
CYPOR deficiencies on this system.

Regulated heme degradation is critical due to the toxic nature of free heme [22, 23]. Heme
oxygenase-1 (HO-1) is the CYPOR-dependent, stress-inducible, membrane-bound enzyme
that breaks heme down to carbon monoxide (CO), ferrous iron (Fe2*), and biliverdin.
Biliverdin is further degraded to bilirubin by the cytosolic enzyme biliverdin reductase
(BVR) [24, 25], in human spleen, liver, and kidney [26, 27]. The C-terminal transmembrane
segment of HO-1 was previously shown to drive high-affinity functional complexation with
CYPOR [28] and was recently shown to be crucial for HO-1 oligomerization, thereby
contributing to its stability and function [29]. The byproducts of heme degradation by HO-1
also have important physiological effects, such as the anti-oxidant/anti-inflammatory
activity of bilirubin [30-34], as well as the vasodilatory and anti-inflammatory activity of
CO [35-38]. The cumulative antioxidant effects of HO-1 activity are best demonstrated by
the increased susceptibility to oxidative injury and shortened lifespan observed in a patient
with HO-1 gene deficiency [39]. Regulated heme catabolism also ensures efficient
sequestration, via ferritin induction, and availability of free iron for incorporation by other
critical metalloproteins [40].

Targeted gene deletion in mice has been used to study the roles of both CYPOR [41-45] and
HO-1 (reviewed [46]) in a multitude of physiological processes ranging from growth and
development to disease progression. In general, CYPOR-knock-out mice (CPR-/-) exhibit
total embryonic lethality due to severe developmental defects, whereas HO-1-deleted mice
exhibit partial embryonic lethality and a high incidence of postnatal morbidity. It was
previously hypothesized that embryonic lethality observed in the CPR-/- mouse was at least
partially the result of diminished/absent HO-1 activity and subsequent heme toxicity [43],
although this assertion remains unsubstantiated.

In order to assess the extent to which HO-1 enzymatic activity is influenced by POR
variation, we first developed and optimized a coupled spectrophotometric assay for the
conversion of heme to bilirubin [47], relying on purified recombinant human CYPOR and
HO-1, reconstituted in lipid vesicles, as well as soluble BVR, and including catalase to
preclude oxidative interference. Using that system, the following naturally-occurring full-
length CYPOR variants, representing a spectrum of potential phenotypic outcomes, were
assayed for the capacity to support heme degradation by full-length HO-1: WT, A115V,
Y181D, P228L, M263V, A287P, R457H, Y459H, and VV492E. Although a similar study was
recently published by Pandey et al. [48], numerous and substantial differences in
experimental design and methodology, as well as outcomes described herein, give new
mechanistic insights into the nature of the CYPOR-HO-1 functional interaction.
Furthermore, this is the first attempt to examine the re/ative affinities among the CYPOR
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mutants and HO-1, as a redox partner. Using kinetic analysis in reconstituted systems,
differential affinities among the various human CYPOR mutants with HO-1 are
demonstrated.

2. Materials and Methods

2.1 Materials

Heme, NADPH, EDTA, glycerol, dilauroylphosphatidylcholine (DLPC), FAD, FMN,
catalase from bovine liver, and bovine serum albumin (BSA) were purchased from Sigma-
Aldrich (St. Louis, MQ). 2’5’ ADP Sepharose 4B was obtained from GE Healthcare
(Piscataway, NJ). All spectrophotometric analyses of HO-1 activity were performed on a
SpectraMax M5 plate reader from Molecular Devices (Sunnyvale, CA). HEK293T cells
(CRL-11268) were purchased from ATCC (Manassas, VA). Dulbecco’s Modified Eagle
Medium, gentamycin, phosphate-buffered saline (PBS), and lipofectamine were purchased
from Invitrogen (Carlsbad, CA). Coelenterazine 400a and coelenterazine h were purchased
from Gold Biotechnology (St. Louis, MO) and Promega (Madison, WI), respectively. The
BRET vectors were obtained from Perkin Elmer (Waltham, MA). BRET was measured
using a TriStar LB 941 plate reader (Berthold Technologies, Bad Wildbad, Germany).

2.2 CYPOR Expression and Purification

Full-length human CYPOR was recombinantly expressed as an OmpA3 fusion protein,
extracted and purified from Escherichia coli membranes by 2°5’-ADP-Sepharose 4B affinity
according to previously described methods [47, 49, 50]. Site-directed mutagenesis of the
pPORh plasmid was used to generate expression constructs for A115V, P228L, M263V,
A287P, and R457H variants, as described previously for preparation of V492E and Y459H
variants [49], and the Y181D variant [51]. These expression systems [47] varied somewhat
from those originally described by Fliick et a/. [1], which deleted 27 N-terminal residues, in
that the full-length proteins were cloned and expressed. In addition to the full-length
CYPOR, a soluble variant lacking the N-terminal 66 residues (A66) determined from
structural considerations [52] was expressed as a poly-histidine fusion protein, and purified
from E. coliby immobilized metal affinity chromatography (IMAC) as described previously
[49].

2.3 HO-1 Expression and Purification

Full-length, human HO-1, containing an R254K mutation to prevent proteolytic degradation
of the C-terminal trans-membrane segment, was recombinantly expressed as a glutathione-
S-transferase fusion protein, extracted and purified from £. coli membranes by glutathione
affinity chromatography, and quantified as described previously [53, 54].

2.4 BVR Expression and Purification

Recombinant human BVR was also expressed as a poly-histidine fusion protein in £. coli
and purified by IMAC as described previously [47].

2.5 Reconstitution of HO-1 and CYPOR in DLPC Liposomes

Reconstituted systems (RCSs) were prepared as described previously [47], in which 350:1
was demonstrated to be the optimal DLPC:HO-1 ratio, and incubation of the lipid-protein
mixture for 2 hrs at room temperature resulted in the highest levels of protein incorporation
and productive complex formation within the liposomes. The final concentration of HO-1 in
all reconstituted systems was 0.05 uM, unless otherwise stated. CYPOR levels were varied
over a range from 0-0.5 uM as indicated for each individual experiment. Such titrations
were found to be absolutely necessary to produce optimal activities in these systems.
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2.6 HO-1 Activity Measurements

Bilirubin formation was monitored as the difference in absorbance at 464 and 530 nm, and
the enzyme activity was calculated using the delta extinction coefficient of 40 mM~1cm™1
[55, 56]. Reconstituted systems were prepared and pre-incubated for 2 h at room
temperature before the addition of other assay components. The final volume for all assays
was 0.1 ml, contained in 100 mM potassium phosphate (pH 7.4). All activity assays were
allowed to pre-incubate at 37°C for 2 min before the addition of 0.5 mM NADPH to initiate
the reaction. Each reaction was performed in triplicate, and the turnover number was
expressed as nanomoles of bilirubin formed per minute per nanomole of HO-1 (nmol/min/
nmol). The substrate, heme, was added at 15 pM. BVR was included at 0.05 uM, equivalent
to HO-1 in most assays. Fatty acid-free BSA was included at 0.25 mg/ml. Catalase was
added to a concentration of 0.25 U/ml. The effect of H,O, on the linearity of the reaction
was previously determined in the reconstituted systems and the necessity for including
catalase was demonstrated [47].

2.7 GST Pulldown of HO-1:CYPOR Complexes from Reconstituted Systems

RCS containing HO-1, mutant/WT CYPOR, and DLPC were prepared at a final
concentration of 0.2 UM of each protein (as indicated in Figure 6) in a volume of 0.25 ml in
binding buffer containing 10 mM sodium phosphate, 1.8 mM potassium phosphate, 2.7 mM
potassium chloride, 5 mM EDTA, 5 mM EGTA, and 100 mM sodium chloride (pH 7.3).
High performance glutathione Sepharose beads (GE Healthcare, Piscatawy, NJ) were
washed 5 times in the binding buffer, and 0.02 ml of a 1:1 suspension was added to the RCS
described above. The samples were rocked at room temperature for 2 hr before being
washed 6 times with 0.25 ml binding buffer by centrifugation (3500 x g for 15 sec) and
resuspension. After the last wash, the beads were resuspended in 0.05 ml loading buffer (10
% SDS, 0.02 % bromophenol blue, 5 % B-mercaptoethanol, and 100 mM Tris-HCI (pH 6.8))
and were boiled for 15 min before loading 0.02 ml on a 10% SDS PAGE gel and running for
1 hr at 200 V. The amounts of CYPOR and HO-1 recovered were determined by
densitometry using three concentrations of the two standard proteins (Lanes 8-10).
Densitometry results are reported as the mean ratio + standard error.

2.8 Bioluminescence Resonance Energy Transfer (BRET) to Detect HO-1eHO-1 Complexes

2.8.1 BRET Vectors—BRET was used to determine if HO-1 exists as a homomeric
complex in HEK293T cells, and if this complex is disrupted in the presence of CYPOR.
Plasmids for the transient expression of Renillaluciferase-HO1 and GFP (green
fluorescence protein)-HO-1 fusion proteins were prepared using the pRluc-C1 and pGFP2-
C1 parent vectors, respectively, with the tags fused at the N-terminal portion of the rat HO-1
molecule. The CYPOR-null transcript was prepared by subcloning full-length rabbit
CYPOR DNA into the pRIuc-N2 vector with a stop codon inserted between the CYPOR and
Rluc genes by site-directed mutagenesis.

2.8.2 Cell Culture and Transfection—HEK 293T/17 cells were maintained in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum
under a humidified atmosphere of 5% CO,. Cells were distributed onto 6-well plates at 7.5 x
10° cells/well and were then allowed to grow for 24 hours prior to transfection.
Lipofectamine 2000 was used to transiently transfect the cells with up to 500 ng DNA per
well according to the manufacturer’s protocol. In the absence of CYPOR, the total amount
of HO-1 DNA transfected was 300 ng per well, and in the presence of CYPOR, 200 ng of
unlabeled-CYPOR DNA, and 300 ng of labeled-HO-1 DNA were transfected. Total DNA in
a given experiment was kept constant for each well by co-transfecting a complementary
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amount of pUC19. Four hours after transfection, DMEM was replaced with fresh DMEM
supplemented with both Antibiotic-Antimycotic and Gentamicin solutions.

2.8.3 BRET Determination—Twenty-four hours after transfection, media was removed
and cells were suspended in 1 ml PBS and pelleted at 300 x g for 10 minutes. The
supernatant was removed and cells were resuspended in 750 pl fresh PBS. Cells were then
plated in quadruplicate onto a white 96-well Optiplate at 100 pl per well. BRET
measurements were performed on a TriStar LB 941 plate reader with automatic injectors.
Coelenterazine 400a was injected to a final concentration of 5 pM into three of the four
wells for each sample. The plate was then shaken for 1 second, and the luciferase signal (at
400 nm) and GFP signal (at 515 nm) were measured sequentially for 3 seconds each.

The BRET ratio was calculated by dividing the GFP signal by the luciferase signal after
using untransfected cells as a blank. Since a small amount of the Rluc signal is detectable
through the GFP filter, the baseline BRET ratio, which was measured using cells expressing
only Rluc-HO-1, was subtracted from each point.

2.8.4 Relative Protein Quantification—GFP fluorescence and Rluc luminescence were
used to determine the relative amounts of GFP- and Rluc-tagged proteins. The cells used for
protein quantification came from the same samples as those used for BRET measurement to
avoid variation in cell density. Cells were plated at 100 pL per well into a black, clear-
bottom 96-well plate, and GFP fluorescence was measured by reading the emission at 510
nm (excitation at 395 nm) using a SpectraMax M5 plate reader. Luminescence was
measured on the TriStar LB 941 plate reader using 100 L cell aliquots on a white 96-well
Optiplate. Coelenterazine h was manually added to a final concentration of 5 pM and
luminescence was measured at 480 nm for 1 second. Coelenterazine h was used here as a
luciferase substrate to avoid the quenching of the signal that occurs due to energy transfer
when coelenterazine 400a is used.

The relative amounts of GFP-HO-1 and Rluc-HO-1 were estimated based on the GFP
fluorescence and Rluc luminescence when compared to a GFP-RIluc fusion protein, which
was assumed to have a GFP-RIluc ratio of 1:1. This method allowed us to estimate the
relative amounts of the fusion proteins, without relying on the transfected DNA levels.

3.1 HO-1 Activity of Reconstituted Systems

Initially, DLPC reconstituted systems were prepared with HO-1 and each of the CYPOR
variants at 1:1 molar ratio ([HO-1] = [CYPOR] = 0.05 pM). The following CYPOR variants
were included: WT, WTA66, A115V, Y181D, P228L, M263V, A287P, R457H, Y459H,
and V492E. The HO-1 activity of each of the reconstituted systems was then assayed for the
NADPH-dependent conversion of heme to bilirubin, supported by BVR. The results, Figure
1, showed that WT CYPOR supported the highest level of HO-1 activity with a rate of ~ 20
nmol min~! nmol~1. While the HO-1 activity of the P228L CYPOR-reconstituted system
was equal to that of WT CYPOR, each of the other variants compromised the reconstituted
activity to varying extents. A115V, R457H, and M263V CYPOR variants each retained >
60% of WT CYPOR activity, while the A287P, VV492E, and Y459H variants retained 41%,
10%, and 1% of WT activity, respectively. The V492E and Y459H variants have been
shown to affect FAD binding [49], while A287P and R457H also can affect FAD binding
due to their proximity to the FAD-binding pocket in the CYPOR molecule, but less
dramatically. On the other hand, the P228L variant residue is located on the surface of the
FMN-binding domain of CYPOR where it could affect interactions with redox partners.
A115V is located in the FMN-binding domain on the interior of the molecule where a
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disruption of structure could result in some compromise of activity, although the effect on
HO-1 activity was not dramatic. Even with the optimized assay system, HO-1 activity was
completely undetectable with either the Y181D variant, exhibiting compromised FMN
binding [51], or the A66 variant, which due to the lack of the hydrophobic N-terminus was
unable to reconstitute interactions with its membrane-bound or hydrophobic redox partners
[49, 57].

3.2 Effects of Flavin Addition on HO-1 Activity of Reconstituted Systems

Since we demonstrated previously that addition of exogenous flavins partially restored
electron transfer from the purified CYPOR variants, Y459H and V492E (lacking FAD) [49,
51] to cytochrome cand P4504A4 and to cytochrome ¢and P4501A2 from Y181D (lacking
FMN) [51], we wanted to determine the effects of flavin supplementation on heme
degradation by the reconstituted HO-1 systems. The rates of bilirubin formation were
determined in the presence/absence of 20 pM FAD, FMN, or both as shown in Figure 2. WT
CYPOR activity was not significantly enhanced upon addition of flavins to the reaction, as
expected. The same was true of the A287P and M263V variants. Flavin supplementation
also had no effect on the soluble A66 variant which remained devoid of measurable activity
in the system. Low-level activation (< 20%) was observed for A115V and P228L variants
upon flavin addition. FAD strongly activated the R457H, Y459H, and VV492E variants
restoring 87%, 54%, and 113% of WT activity, respectively. Likewise, FMN restored the
activity of the Y181D variant to 27% of WT. These findings were in good agreement with
our previous studies demonstrating rescue of electron transport function to various degrees
of the Y459H, V492E, and Y 181D variants by flavin supplementation in NADPH-
cytochrome creduction [49, 51, 58], P450 4A4-mediated w-hydroxylase [49], and P450
1A2-mediated Odealkylase assays [51, 58]. Flavin supplementation has subsequently been
verified to increase the ability of CYPOR mutants to support the reduction of cytochrome by
and monooxygenation by P450 3A4 [59]. We therefore decided to perform flavin titrations
for each of these variants in order to estimate flavin affinities. The resulting curves
(Supplemental Figure 1) suggested FAD affinities of 0.9 and 0.6 uM for the Y459H and
V492E variants, respectively, whereas the FMN affinity of Y181D was 3 pM. These values,
derived kinetically, are orders of magnitude higher than the affinities of WT CYPOR for its
flavin cofactors. For example, it has been experimentally difficult to remove FAD from
CYPOR, without unfolding the protein [60] and the binding affinity for FMN is quite high
as well (~10 nM).

3.3 CYPOR Titration of Reconstituted Systems

Having demonstrated a wide range of capacities among the naturally occurring CYPOR
variants to support HO-1 activity when reconstituted at 1:1 CYPOR:HO-1, we wanted to
estimate the CYPOR:HO-1 affinity of each of the complexes by varying [CYPOR], while
holding [HO-1] constant at 0.05 uM. The resulting titration curves are shown in Figure 3. In
panel (A), WT CYPOR and the WT A66 variant were titrated from 0-0.05 uM. WT
produced the highest observed activity at [CYPOR] = 0.025 M, corresponding to a
CYPOR:HO-1 ratio of 1:2. Fitting the data to a single binding site saturation curve
(Supplemental Figure 2) yielded an apparent K, = 8.6 £ 0.9 nM for the functional
CYPOR:HO-1 complex. Regardless of concentration, WT A66 failed to support a
measurable rate of reaction, verifying the critical importance of the N-terminal trans-
membrane helix in CYPOR-HO-1 complex formation. These data cast considerable doubt
on the physiological significance of studies utilizing the truncated forms of CYPOR and/or
HO-1 for reconstitution and affinity studies, despite the fact that bilirubin formation has
been demonstrated with these preparations.
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Identical titrations were repeated with each of the naturally occurring CYPOR variants. The
results for the flavin-deficient variants (Y181D, R457H, Y459H, and VV492E) are shown in
Figure 3B. R457H supported just less than half of the activity seen with WT CYPOR, while
the other flavin-deficient variants were totally inactive. The results for the remaining
variants (A115V, P228L, M263V, and A287P) are shown in Figure 3C. Each of these
variants supported increased HO-1 activity in a concentration-dependent manner, although
each was less active than WT at [CYPOR] < 0.025 uM. None of the curves for the variants
appeared to have neared saturation over the range of [CYPOR] titrated, so the range was
expanded 10-fold, up to 0.5 pM. Figure 3D shows the results for WT and WT A66, where
again, no HO-1 activity was detectable for WT A66. Surprisingly, the data for WT deviated
from the simple (single binding site) saturation that was observed at low [CYPOR], with
higher [CYPOR] resulting in partial, but significant, inhibition of HO-1. The results of the
corresponding studies of the CYPOR variants are given in Figure 3E for the flavin-deficient
variants, and Figure 3F for the other variants. In almost all cases, the same phenomenon of
HO-1 inhibition by high concentrations of CYPOR was observed. Collectively, these data
suggested a CYPOR-dependent transition in HO-1 function from optimal at low [CYPOR]
to suboptimal at high [CYPOR]. That the transition point appeared to occur at different
[CYPORY], depending upon the variant in question, suggests differential HO-1 binding
affinities among them. In an attempt to estimate the affinity of the optimally active
complexes, curve-fitting was repeated for each of the variants using only the activity values
corresponding to sub-saturating [CYPOR] (see Supplemental Figure 2). The extrapolated
Vmax and apparent K, values are reported in Table I, along with the aggregate Vmax/ Km
values, representing the overall catalytic efficiency of each CYPOR:HO-1 complex. It
should be noted that the turnover numbers for bilirubin formation are 27.5 min1 in the
current studies compared to 1.16 min~1 in the Pandey er a/. report, more than a twenty fold
difference [48], suggesting that none of their reported activities were at Vs Kinetic
comparisons between wild type and mutants under sub-optimal Vyax conditions could lead
to erroneous conclusions. Vnax Values obtained from data fitting for each of the variants was
within + 50% of that calculated for WT CYPOR, but all of the CYPOR variants tested had
significantly higher apparent K, values than WT (/.e., lower apparent affinity of CYPOR
for HO-1) ranging from an approximate 3-fold increase for P228L to >200-fold increase for
Y459H. Two of the flavin-deficient variants, namely Y459H and V492E, failed to inhibit
HO-1 activity at high [CYPORY], instead exhibiting simple saturation kinetics over the range
from 0-0.5 UM CYPOR (10:1 CYPOR:HO-1, Figure 3E). Because all of the variants were
titrated without flavin supplementation, it is hypothesized that the binding-dissociation
equilibria were reflective of the mixed populations of apo- and holo-CYPOR shown
previously to exist amongst the Y181D, Y459H, and VV492E variants [49, 51], and likely to
exist for R457H based on the FAD activation observed herein (Figure 2).

3.4 Inhibition of Functional HO-1:WT CYPOR Complexation by Inactive CYPOR Variants

Since the lowest levels of activity were observed among the flavin-deficient variants, we
decided to test whether HO-1 could be functionally sequestered from WT CYPOR by any of
these variants. The starting point for each titration was a reconstituted system with 0.05 pM
HO-1 and 0.005 pM WT CYPOR that exhibited HO-1 activity at ~ 8.3 nmol min™1 nmol~1,
The resulting data are presented in Figure 4. Since the R457H variant had higher activity
than the other flavin deficient variants, it was hypothesized that titration with this variant
would have similar effects to titrating with WT CYPOR, namely increasing activity at low
[CYPOR] with inhibition of HO-1 activity at higher CYPOR;HO-1 ratios. This was the case
as titration with R457H up to 0.05 pM increased HO-1 activity (~60%), but higher
concentrations, up to 0.5 pM, neutralized the gain in activity, as was shown previously
(Figure 3). Y459H and V492E did not compete effectively with WT but Y 181D titration
resulted in significant inhibition of the system with ~30% activity remaining at [Y181D] =
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0.5 uM. While this demonstrated the capacity of a naturally occurring CYPOR variant to
inhibit the interaction of WT CYPOR with HO-1, the fact that a 100:1 ratio of Y181D:WT
was required to achieve ~50% HO-1 inhibition suggested that the phenomenon would be
unlikely to occur physiologically, since HO-1 is so highly inducible relative to CYPOR, and
[HO-1], under induced conditions, greatly exceeds [CYPOR] [61].

3.5 HO-1 Activity of Reconstituted Systems with Mixed CYPOR Variants

To estimate the effects of POR variation on the HO-1 system in heterozygous individuals
(one mutated and one WT copy of POR), we prepared mixed reconstituted systems with
equal concentrations of both WT and variant CYPOR at [CYPOR]™ ! = 0.05 uM or 0.005
UM and at [HO-1] = 0.05 pM. Rates of bilirubin production from these mixed systems,
representing 1:1 and 1:10 CYPOR:HO-1 ratios, were determined as plotted in Figure 5. All
of the systems had the same level of activity, within the margin of error of the assay, at 1:1
CYPOR:HO-1, but at 1:10, each of the mixed systems was less active than that containing
WT CYPOR alone. This was not unexpected, considering that each of the variants had less
activity than WT at low [CYPOR]. Since HO-1 expression is so highly inducible, whereas
CYPOR expression is much less so, the mixed systems at 1:10 CYPOR:HO-1 are more
likely to be representative of those in tissues/cells exposed to the types of physiological/
environmental stress that induce HO-1. These data suggest that under those conditions, POR
heterozygous individuals would have lower HO-1 function than those without POR
variations.

3.6 GST Capture of HO-1:CYPOR Complexes from Reconstituted Systems

In order to estimate relative binding capacities of the CYPOR variants with HO-1, pull down
experiments were performed. Since the HO-1 protein used in these studies contained an N-
terminal GST fusion tag, glutathione Sepharose beads were used to capture HO-1-containing
complexes from reconstituted systems. Following GST capture, samples were analyzed by
SDS-PAGE as shown in Figure 6A. The negative control showed that no wild type CYPOR
was pulled down in the absence of HO-1. Densitometry analysis of the HO-1 and CYPOR
bands on the gel, Figure 6B, revealed differences in the ratio of HO-1:CYPOR contained in
the captured complexes from the reconstituted systems. The data in Figure 4 are consistent
with that in Figure 6 with respect to the inability of Y459H and VV492E to inhibit HO-1
activity. However, Y181D, which was able to compete with WT in the enzymatic assay, also
showed a tighter interaction in the GST-pull down experiment.

3.7 BRET Detection of Homomeric HO-1 Complexes in HEK293 Cells

The non-Michaelis-Menten response observed with the kinetic data in Figure 3 (where HO-1
activity was increased with CYPOR concentrations up to a 1:2 CYPOR:HO-1 ratio,
followed by the decline observed at higher CYPOR levels) was suggestive of more complex
interactions between CYPOR and HO-1. Such interactions could include either allosteric
effects resulting from the binding of CYPOR to HO-1 or potential effects of CYPOR on the
organization of these proteins. In a recent report by Hwang ef a/. [29], HO-1 was shown to
form homomeric complexes when transfected into HEK293 cells. Therefore, we wanted to
confirm that HO-1-HO-1 complexes could be detected using the BRET technique in
HEK293 cells transiently expressing Rluc-HO-1 and GFP-HO-1 fusion proteins. As a first
step, the subcellular localization of transfected HO-1 was confirmed. The data in
Supplemental Figure 3 show that transfected GFP-HO-1 co-localized with the ER marker
DsRed-ER.

Next, HO-1-HO-1 complex formation was verified using BRET, where Rluc-HO-1 and

GFP-HO-1 constructs were co-transfected into HEK293T cells. Addition of the luciferase
substrate, coelenterazine 400a, leads to the generation of luminescence at 410 nm. In the
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event that a GFP is within 75 A of the Rluc tag, there is a greater than 50% probability of
energy transfer to the GFP, leading to fluorescence emission at 510 nm. In these
experiments (Figure 7), the ratio of the Rluc- and GFP-containing DNA constructs was
varied. At low GFP-HO-1:Rluc-HO-1 ratios the BRET signal (taken as the ratio of 510 nm
fluorescence/410 nm luminescence) was low, due to the low levels of GFP-construct to
accept the energy transfer. However, as the ratio of the GFP- and Rluc-containing constructs
was increased, a substantial increase in the BRET ratio was observed, saturating at high
GFP/RIluc ratios. The data in Figure 7 (upper curve) demonstrate that a specific interaction
between the two HO-1 fusion proteins occurred in this cell line, as transfection of Rluc-
HO-1 with the naked GFP vector exhibited a decreased BRET signal that did not increase
with increasing GFP:Rluc ratio (lower curve).

Co-transfection of CYPOR had a significant effect on the HO-1-HO-1 complex. The
presence of untagged CYPOR caused an inhibition of the HO-1-HO-1 BRET response,
consistent with the ability of CYPOR to influence HO-1-HO-1 complex formation either by
disrupting or otherwise influencing the conformation/configuration of the HO-1 multimers.

4. Discussion

The defensive role of HO-1 against oxidative stress, mediating a number of physiological
and pathological processes, has been well established (reviewed [62]). Since CYPOR
activity is essential to HO-1 catalytic function [19], it was important to evaluate the impact
of genetic variations in POR. To that end, wild type and 8 variant CYPOR proteins were
tested for the capacity to support HO-1 activity in a lipid vesicle-reconstituted system.

A survey of heme breakdown by reconstituted systems containing equimolar CYPOR and
HO-1 revealed a wide range of activities (Figure 1). With the exception of Y181D, all
CYPOR variants exhibited measurable activity, contrary to the report of Pandey et al. (47),
which reported total loss of activity for R457H, Y459H, and VV492E. This could be
attributable to the very low activities obtained even with WT CYPOR in those studies.
Al115V, P228L, M263V, and R457H each had >60% of WT activity. A287P, V492E, and
Y459H variants retained 41%, 10%, and 1% of WT activity, respectively. Deletion of the
CYPOR N-terminal 66 residues, comprising a trans-membrane anchoring helix, completely
obliterated the capacity of the enzyme to interact productively with full-length lipid
reconstituted HO-1.

We demonstrated previously that addition of free flavin(s) to some CYPOR-mediated
reactions can enhance the catalytic efficiency of certain CYPOR variants, namely by adding
FAD to R457H, V492E, or Y459H [49, 58], and by adding FMN to Y181D [51]. HO-1
activity was also affected by flavin addition (Figure 2), the best example of which was the
>1000-fold activation of Y181D by FMN. These studies provide further impetus to
investigate the potential of riboflavin therapy to rescue certain CYPOR-dependent activities
in individuals with certain POR mutations, as was first suggested by this laboratory in 2006
[49].

Measurement of HO-1 activity as a function of [CYPOR] showed some surprising results.
At low CYPOR concentrations, a typical saturation phenomenon was observed; however,
this response appeared to saturate at a 1:2 CYPOR:HO-1 ratio (Figure 3), rather than the
expected equimolar ratio. As the CYPOR:HO-1 ratio was further increased, there was a
generalized decrease in HO-1 activities. These results suggested a more complex interaction
between these proteins. Recent studies showing that HO-1 exists in HEK293 cells as an
oligomer support this suggestion [29]. Interestingly, our results confirm the existence of
HO-1 as an oligomer, and suggest that CYPOR is capable of modulating complex formation
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(Figure 8). Although the exact mechanistic details and stoichiometries need to be resolved,
the data clearly demonstrate that HO-1 exists in the membrane as an aggregate that is
disrupted or structurally modified in the presence of CYPOR, explaining both the optimal
catalytic activities observed at subsaturating CYPOR levels, and the observed inhibition of
HO-1 function at higher [CYPOR]. The dynamic organization of the microsomal electron
transport chain was highlighted by a recent study, in which both P450-mediated
monooxygenase activities and generation of reactive oxygen species were dramatically
diminished in liver microsomes prepared from rats treated with cadmium, a potent HO-1
inducer [61].

Rough estimates of apparent K, for the functional CYPOR-HO-1 complex, derived from
fitting only those data points where [CYPOR] < optimal to a single binding site model
(Supplemental Figure 2), are given in Table I. The results, despite the large statistical error
ranges, suggest massive variation in HO-1 affinities among the CYPOR variants tested with
WT and Y459H defining the range with Ky, values of ~9 nM and ~2 yM, respectively.
Vmax/Km values further indicate the vast differences in catalytic efficiency of the HO-1
system that could result from POR variation with WT exhibiting ~ 200-fold higher
efficiency than Y459H. Y181D activities were not sufficiently high for K, estimation and
further highlight the differences in catalytic efficiency among CYPOR variants. The current
studies also strongly suggest that experiments in which the components are not titrated to
determine optimal conditions can lead to misleading results. It has been well-established that
the ratio of cytochromes P450 to CYPOR in endoplasmic reticulum is extremely high,
varying upon induction conditions between ~5-20:1[63] Routinely, most reconstitution
assays are performed under conditions of excess CYPOR.

In these studies, it has been shown that titration of WT CYPOR with an inactive CYPOR
variant can functionally sequester HO-1 away from WT (Figure 4). A variant:WT ratio of
100:1 was required for the Y181D variant to inhibit the HO-1 system by 50%, suggesting
the relatively low affinity of Y181D for HO-1. Mixing each of the variants with WT
CYPOR at 1:1 CYPOR:HO-1 in reconstituted systems (Figure 5) failed to distinguish any of
the variants from WT, but at 1:10 CYPOR:HO-1 ratio, WT CYPOR was significantly more
active than any of the variants. This suggests that a single mutated POR allele would be
well-tolerated in terms of basal HO-1 function but normal individuals would be predicted to
have higher HO-1 function than heterozygotes when under HO-1-inducing stress.
Consideration of the inducibility of HO-1, as well as many of the P450s, and preliminary
evidence of widely ranging affinities among CYPOR and its microsomal partners, suggests
that a careful analysis of the stoichiometry of these critical proteins will be required to fully
appreciate the physiological implications of POR variation. Stoichiometry is an important
parameter to be determined in estimating these interactions and their affinities and should be
examined as carefully as possible in cellular systems, as well as in purified, reconstituted
systems. This consideration has been taken into account in using the engineered E. coli
system of Kranendonk et a/. [58] in which the ratio of CYPOR to CYPs is maintained at
1:5-10.

Although the corresponding data in this study are in general agreement with those of Pandey
et al. [48], there are several important differences that need to be addressed. First, the HO-1
activities were about 20-fold larger than obtained by Pandey et al. [48]. Part of this
discrepancy is likely due to differences in experimental conditions, such as, the absence of
catalase in their assay mixture, the presence of which would lead to higher activities, and
their measurement of activities at supersaturating CYPOR:HO-1 ratios. As noted by the
current study, use of such high CYPOR:HO-1 ratios would be expected to lead to a decrease
in the reported HO-1 catalytic activity. A second discrepancy is that 3 CYPOR variants
(R457H, Y459H, and VV492E) are completely devoid of activity according to Pandey et al.
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[48], whereas in the present study these same variants support clearly measurable rates of
HO-1 function (up to ~60% of WT for R457H variant). Our results, demonstrating partial
restoration of HO-1 activities by flavin supplementation, suggest that this difference may be
due to significantly lower flavin levels in their system. Reed ef a/ observed a range of
CYPOR:HO-1 ratios from 4:1 in untreated rat liver microsomes to 1:10 after induction by
cadmium treatment [61], the latter representing the physiological condition under which
HO-1 activity is most critical. Furthermore, the data herein suggest that at high
CYPOR:HO-1 ratios, one would expect CYPOR to disrupt HO-1 oligomerization, a
phenomenon that can greatly affect HO-1 function, as first demonstrated by Hwang et al.
[29], and one that has been confirmed herein.

In conclusion, the data in this manuscript demonstrate that HO-1 activity is decreased by
several of the naturally occurring CYPOR mutations, with the greatest inhibition being
observed by those mutants in the FAD- and FMN-binding regions. These inhibited activities
from mutations in this region are due to flavin depletion, and the activities can be restored
by flavin replacement, suggesting a major reversible conformational disruption.
Interestingly, titrations of HO-1 activity as a function of CYPOR concentration showed a
bimodal response, reaching its maximal activity at a 1:2 CYPOR:HO-1 ratio, with higher
CYPOR levels leading to inhibition of heme degradation. This unusual kinetic response is
possibly due to the ability of CYPOR to modulate the aggregation state of HO-1 (Figure 7).
HO-1 is shown to exist in a homomeric complex within cells, with CYPOR being capable of
disrupting the aggregate. Although the mechanistic details remain to be identified, it is clear
that there is interplay between CYPOR and HO-1, with CYPOR not only providing the
electrons necessary for catalysis, but also serving as a modulator of HO-1 function,
potentially through an alteration in the HO-1 aggregation state.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Survey of CYPOR Variant Effects on HO-1 Activity

Reconstituted systems were prepared containing each of the CYPOR variants shown
([ICYPOR] = [HO-1] = 0.05 uM) and assayed for HO-1 catalyzed conversion of free heme
(15 uM initial) to biliverdin, as indicated by the rate of the bilirubin formation by BVR in
the coupled assay. Each bar represents the mean =+ standard deviation of triplicate assays.
A66 refers to WT CYPOR with N-terminal 66 residues deleted.
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Figure 2. Flavin Activation of CYPOR Variants

Reconstituted systems were prepared containing each of the CYPOR variants shown
(ICYPOR] = [HO-1] = 0.05 uM) and assayed for HO-1 activity in the presence/absence of
20 uM FAD, FMN, or both. Each bar represents the mean + standard deviation of triplicate
assays.
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Figure 3. Titration of HO-1 with CYPOR Variants

Reconstituted systems were prepared with varying concentrations of CYPOR, [HO-1] = 0.05
UM and assayed for HO-1 activity. In each plot, each point represents the mean + standard
deviation of triplicate assays. For comparison, WT CYPOR is shown in each panel. Panels
(A), (B), and (C) represent the low range of [CYPOR] < 0.05 pM, and panels (D), (E), and
(F) represent the broad range of [CYPOR] < 0.5 pM. See insets for symbol legends.
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Figure 4. Titration of WT CYPOR-HO-1 Complex with CYPOR Variants

Reconstituted systems were prepared with [WT CYPOR] = 0.005 pM, [HO-1] = 0.05 pM,
and varying concentrations of Y181D, R457H, Y459H, or V492E variants of CYPOR. Each
system was assayed for HO-1 activity. Each point on the plot represents the mean + standard
deviation of triplicate assays. The dashed line represents the baseline rate of reaction of the
system without addition of the variant CYPOR.
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Figure 5. Assay of HO-1 Activity Using Mixtures of WT and CYPOR Variants

Reconstituted systems were prepared with [HO-1] = 0.05 uM and [CYPOR]©%! = 0.05 uM
(open bars) or 0.005 UM (shaded bars), where WT and variant CYPORs were mixed at 1:1.
Each system was assayed for HO-1 activity. Each bar represents the mean + standard
deviation of triplicate assays.
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Figure 6. GST Pulldown of HO-1:CYPOR Complexes from Reconstituted Systems
Glutathione sepharose beads were used to capture HO-1 containing complexes from
reconstituted systems. SDS-PAGE (panel A) analysis of captured proteins in lanes 1-6
compared to CYPOR and HO-1 standards in lanes 8-10 and densitometry was used to
calculate the CYPOR:HO-1 ratios (panel B) where bars represent the mean ratio + standard
error of 4 experimental replicates. Significantly less V492E and Y459H than WT CYPOR
variants were recovered, suggesting lower relative affinity for HO-1 among these variants.
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Figure 7. Effect of CYPOR on HO-1-HO-1 Complex Formation Using BRET

Homomeric complex formation between HO-1 molecules was demonstrated by co-
transfection of Rluc-HO-1 and GFP-HO-1 into HEK293T cells at varying ratios of the GFP-
and Rluc-containing constructs (upper curve). The total amount of transfected HO-1 DNA
was held constant at 300 ng. The effect of CYPOR on the HO-1-HO-1 complex was
examined by co-transfection with unlabeled CYPOR (middle curve). In these experiments,
the quantities of CYPOR and HO-1 constructs were 200 ng and 300 ng, respectively. As in
the absence of CYPOR, the relative amounts of the Rluc-HO-1 and GFP-HO-1 constructs
were varied, maintaining a constant total amount of HO-1 DNA transfected. As a control
experiment, Rluc-HO-1 and naked GFP were cotransfected at increasing GFP to Rluc-HO-1
ratios (lower curve). Details are described in Materials and Methods.
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Kinetic parameters extrapolated from curve-fitting of HO-1 activity versus [CYPOR]. Raw data and curve-

fitting is shown in Supplemental Figure 2.

Table 1

*

Vimax KnCYPORE VoK Relative VipadKm
CYPOR variant  (nmol/min/nmol) (nM) (min~InM™1 (% WT)

WT 27512 86+09 32%13 -
Al15V 373+7.0 64.5+18.9 06+04 18
Y181D ND# ND# ND# .
P228L 33.3+3.0 25.1+4.6 1.3+0.6 42
M263V 37.7+8.7 66.6 +23.8 06+04 18
A287P 182+1.2 447+79 04+0.2 13
R457H 26.8+45 47.8+13.8 06+0.3 18
Y459H 27.8+14.8 1990 + 1300 0.01+0.01 0
V492E 17.2+£35 220 + 110 0.08 £ 0.03 3

*
Vmax is a mathematical value extrapolated from a Michaelis-Menten plot (Supplemental Fig. 2) and represents the maximal reaction rate were

CYPOR not inhibitory of HO-1 activity at higher concentrations.

§Km refers to the [CYPOR] at which half maximal HO-1 activity would be predicted.

ND = not determined because activity below the limit of detection
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